Recent work with broadband sensors has demonstrated that useful data can be obtained from seismic sensors deployed on the deep seafloor for periods as long as 300 sec, but ocean-bottom seismometer (OBS) systems using conventional broadband sensors have proven fragile and expensive to build and operate. The intrinsic thermal (Brownian motion) noise limit for large 1-Hz geophone sensors such as the Mark Products L-4 is far below typical noise levels at seafloor sites. In response to the need for large numbers of OBS systems for experiments studying the oceanic upper mantle and crust, we have developed a very low-noise amplifier that can be used with short-period sensors. The new amplifiers push noise levels at the 100 sec period some 40 dB below standard short-period OBS noise levels. Useful data can then be obtained from these short-period sensors in the broad-frequency range from 0.005 to 50 Hz. Noise levels rise from 5 ‫ן‬ 10 ‫61מ‬ (m/sec 2 ) 2 /Hz at a 20-sec period to 5 ‫ן‬ 10 ‫41מ‬ (m/sec 2 ) 2 /Hz at a 200-sec period. Power requirements are less than 35 mW for three channels. These amplifiers have been installed in the first 24 instruments of the new NSF-sponsored LDEO OBS Instrument Center. We believe this system is an excellent compromise between cost, reliability, and noise level. The new amplifiers may also prove useful for work on land, extending the useful range of short-period sensors to a much longer period.
Introduction
Research in ocean-floor seismology is moving into an era of large-array experiments to study the structure of the upper mantle and crust under the oceans, using natural earthquakes as sources. It has only recently become possible to conduct such experiments because of a huge increase in recording capacity provided by improvements in magnetic disk drives. Recording capacity and hence experiment duration has increased following Moore's Law (Fig. 1) ; recording capacities in the 1980s equivalent to about one day of data have increased to recording capacities equivalent to more than one year.
An ocean-bottom seismometer (OBS) system (Fig. 2 ) represents a series of compromises between data fidelity, instrument reliability, and cost. It has long been possible to collect broadband seismic data from the seafloor (Sutton et al., 1965) , given a sufficiently unlimited budget and compromises on location. This article describes an autonomous instrument that is designed to reliably collect broadband data from seafloor sites that can be constructed for a relatively low cost allowing large numbers of instruments to be constructed. The National Science Foundation has recently provided support to expand the fleet to 64 OBSs. These instruments will be available to any researcher through the NSF-sponsored OBS instrument pool.
The Ocean-Bottom Seismometer An OBS system must do four things: (1) go the ocean floor, (2) record high-fidelity seismic data for long periods of time without human intervention, (3) keep accurate track of time, and (4) return reliably to the ocean surface for retrieval. These four apparently simple things prove remarkably difficult in practice. Despite many decades of effort by groups working on OBSs, significant success with long term deployments of autonomous OBSs is relatively recent, mostly because of huge improvements in technology with the PC revolution.
To survive deep seafloor pressures, the recording package, batteries and, acoustic-release electronics are contained within a 0.22 m (o.d.) ‫ן‬ 0.97 m cylindrical pressure case of high strength (7075-T6) aluminum alloy (Fig. 2) . The seismic sensors are contained within a separate 0.43-m spherical glass pressure vessel, and a third, small, pressure case houses the electronics and batteries for a broadband hydrophone. The instrument sinks to the seafloor because it initially carries 68 kg of ballast (anchors), which is later released for recovery of the instrument under acoustic command. Three 0.43-m glass flotation spheres provide the buoyancy needed to bring the instrument to the sea surface Figure 2 . The OBS in the deployment configuration. The external seismometer sphere is released from the arm to fall on the seafloor next to the instrument after the instrument lands on the seafloor. for recovery. The instruments are designed for a maximum depth of 6000 m.
The components are held together by a structure based on durable, inexpensive, and buoyant polyethylene plastic sheet. Other materials would require additional flotation, which would make the instrument larger and heavier. The weight of an instrument is important at sea because the amount of heavy work associated with preparing and deploying an instrument at sea is proportional to its weight. Recent work with PASSCAL land array instruments has produced a flood of requests for lighter, more easily deployed instruments for the same reasons. The size of the main pressure case is mostly determined by the size of the battery pack needed to run the instrument for 15 months.
The sensor sphere hangs from a fixed arm until the instrument settles on the seafloor. It is then released to drop on the seafloor adjacent to the instrument under timer control. Having the sensors separate from the recording package significantly improves data quality. In contrast to land sites, it is not possible to construct a vault for the sensor on the seabed. Instead the sensor falls where it may, which is usually either soft sediments or volcanic rubble. Fidelity requires sensors to closely follow the motions of the seabed. This separate (external) sensor package can be made with a density more closely matching seawater so that it follows high-frequency vertical motions of the seafloor closely. A smaller sensor package tilts less with horizontal acceleration and is less exposed to ocean currents. The coupling of a sensor package to a sedimented seafloor can be modeled as a damped harmonic oscillator, with a natural period set by the weight of the instrument in water and by the shear modulus of the ground (e.g., Duennebier and Sutton, 1995) . Earlier generation instruments that incorporated the sensors within a large recording package had low coupling frequencies and an underdamped or "ringy" response. The vertical component coupling frequency for this sensor package, inferred from the frequency of P-wave arrivals from local events, is about 20 Hz on sediment and over 40 Hz on pillow basalts. The coupling frequencies for horizontal motions are lower, and differential motion between the seawater and seafloor in seismic arrivals always leads to a problematical short-period horizontal response for sensors not installed into the sediments of the seafloor (Duennebier and Sutton, 1995) .
The instrument returns to the sea surface after one of the two redundant acoustic releases detects a simple bit pattern of 16 pings on a precise time base. The releases force electrical current through a gap in the insulation in a stainless steel burn wire, causing rapid corrosion of this section of the wire, which soon breaks releasing the 68 kg instrument anchors onto the seafloor. The instrument then floats back to the sea surface where it is located and retrieved. These types of release systems have long been used on seafloor instruments.
The Recording System and Clocks
The recording systems in these instruments are now 13 years old and becoming obsolete. The data is collected under the control of an 8088 based computer built by Onset Corp. (Falmouth, Massachussetts). Although these boards have performed well, we are in the process of upgrading the instruments to a faster computer. The main motivation for the upgrade is to speed the transfer of data from memory to the disk drive to reduce battery requirements. We will also be upgrading to a 24-bit analog to digital converter chip and increasing the memory to 16 Mbytes. Data is currently stored in 4 Mbytes of memory and periodically transferred to disk using a software-emulated SCSI system. A recent experiment used two 9-Gbyte disk drives, but low-power disk drives as large as 73 Gbytes are now available. Disk drives are only switched on during data transfer. The total energy needs of the instrument are now greatly determined by how quickly data can be transferred to disk because the disk drives have become so large. We have probably seen an end to the rapid growth in disk capacity in OBSs (Fig. 1) because the available disks can now meet most needs for data storage. A 60-Gbyte drive will store (uncompressed) four channels of 3byte, 120 Hz data recorded for 15 months. The main limitation for OBS deployment duration now is the accuracy of clocks. We have seen large improvements in the stability of low-power clocks in recent years making year long deployment more economically feasible. Accurate, but high power (and hence expensive to run) clocks have long been available. The new low-power clocks are based on quartz oscillators but incorporate a means to accurately measure the temperature of the crystal. A computer within the clock consults a table in memory established through testing during construction to correct the output frequency of the clock for changes in temperature. The Seascan Co. clock in the instrument can maintain absolute time to better than 1.5 sec per year. The timing of the instrument is further improved by measuring the drift during the experiment. The timing corrected for drift during a yearlong experiment is thought to be accurate to better than 50 msec.
The current instrument obtains 16 bits of resolution by counting the output frequencies of the voltage controlled oscillators (VCOs) from up to six data channels. In a VCO the output frequency is proportional to the input voltage. The VCOs run near 4 MHz for an input voltage of 0 volts so that the output of the counters will be near 32,768 counts after counting for 1/128 sec (the standard sampling rate is 128 Hz). The VCOs run slower for more negative voltages and faster for more positive voltages. The counters are read and reset to zero after every sample. These VCOs are unique to these OBSs and are optimized for low power (10mW/ channel). They employ a feedback loop based on integrating precisely produced current pulses to linearize the response. The primary advantages of this system are low power and easy switching between sampling rates. The system integrates over a sample interval so that only relatively simple antialiasing filters are required. Modern analog-to-digital converters incorporate multipole digital filters directly into the system so that it is now much easier to switch between widely ranging sampling frequencies. Again, this is a relatively recent development in low-power electronics that has made it easy to make major improvements in OBS systems. Similar systems have been available for land systems for at least a decade, but the definition of low power for an OBS engineer has always been about a factor of 10 lower than on land because of the huge cost of batteries for the seafloor where solar power is not available.
The Seismic Sensors
The main purpose of this article is to describe the seismic sensors and amplifiers used in the OBS. The three (one vertical component and two horizontal components) Mark Products Model L-4 geophones are mounted in a pair of motor driven gimbals within at 17Љ O.D. or outside diameter glass pressure housing ( Fig. 3) . When power is applied to the leveling circuit, the motors drive the gimbals until the sensors are leveled to within better than 0.25Њ measured by a Spectron Co. tilt sensor. The level sensor, leveling electronics, and amplifiers are mounted rigidly to the block containing the three sensors. The gimbals allow leveling through a full 180Њ (upside down) so the sensors can be leveled in any orientation. While 180Њ of leveling should never be needed on the seafloor, deployments on volcanic rubble can require leveling over a range exceeding 90Њ.
The L-4 geophones consist of a mass mounted on helical springs with a spring constant providing a 1-Hz natural period (f 0 ). Signal pickup is through a 36kX, 12,600 turn coil (this is nonstandard, for a Mark Products L-4). The coil generates a voltage proportional to the relative velocity of the mass and seismometer housing by the generation constant G (G Ϸ 670 V/m/sec). The total response of the seismometer to ground motion is:
Where V 0 is the output voltage, and A is the ground acceleration at frequency f (in Hz). At frequencies well above the natural frequency, the output is proportional to velocity, and well below the natural frequency, f 0 , the output is proportional to the first derivative of acceleration ( Fig. 4 ). This response results because above f 0 , the mass tends to stay put while the seismometer case moves with the ground, and below f 0 the spring pulls the mass with the case so that the relative motion becomes smaller toward lower frequency. The intrinsic (Brownian motion) thermal noise limit A (in (m/sec 2 ) 2 /Hz) for a seismometer is set by the MPQ product (mass, M, natural period P, and quality factor Q; Melton, 1976) : A ‫ס‬ 8p kT/(MPQ); k is Boltzmann's constant and T is temperature. For the L-4, the mass is 1 kg, the natural period is 1 sec, and near critical damping (Q ‫ס‬ 0.7) (Riedesel et al., 1990) , the thermal noise limit is about 10 ‫91מ‬ (m/sec 2 ) 2 /Hz, below typical ground noise levels at any Earth site (e.g., Peterson, 1993) . Another limit is set by the Johnson noise associated with the resistance of the coil windings, but this is included in the Brownian motion noise estimate.
If noise-free amplifiers were achievable then there would be no need to construct feedback seismometers such as the Streckeisen STS-2. However, the output voltage levels for the L-4s become very small indeed at low frequency because of the rapid decrease in output level with decreasing frequency. A feedback seismometer avoids this problem in two ways: (1) a STS-2 seismometer measures the displacement of the mass relative to the case rather than measuring velocity with a moving coil, and (2) the natural period of the sensor is much longer providing for more relative motion at long period. Feedback is necessary to achieve a long nat- ural period without resorting to a very large mass. The feedback also allows a mechanical system with a high Q (low damping) by electronically stabilizing the system. A discussion of feedback seismometers can be found in Wielandt and Streckeisen (1982) .
We experimented several years ago with converting the L-4 sensors into feedback sensors by installing capacitor plates between the mass and case of the sensor. An AC voltage applied to two of the plates generated a voltage on a third plate proportional to the displacement of the mass. We incorporated inductive feedback (using the sensor pickup coils) to reduce the dynamic range needed in the sensing system. We achieved noise levels near 5 ‫ן‬ 10 ‫61מ‬ (m/sec 2 ) 2 / Hz with this system down to frequencies of 0.01 Hz. While working with the displacement sensor development, we developed better low-noise, low-frequency amplifiers. We found we could achieve similar long-period noise levels with the velocity sensor system described here and with much lower power requirements. We therefore abandoned the displacement system development after proving the concept with a deployment on the seafloor and began work on the system described here. It is based on elaborate chopping amplifiers to provide optimal low-frequency performance.
The Amplifiers
A simplified schematic of the amplifiers is shown in Figure 5 . Electronic noise levels increase invariably toward long period because almost any circuit will generate 1/f noise (noise proportional to the inverse of frequency) at low frequencies including any operational amplifier. Many workers have designed amplifier circuits that have increasing gain toward longer period to mimic the response of longperiod sensors with short-period sensors (e.g., Roberts, 1989) ; this circuit has been called an equalization circuit. This approach has limited utility, without close attention to amplifier noise levels, one finds the signals are dominated by electronic noise at long period, and little useful data is obtained at frequencies below the microseism peak (0.1 Hz). The circuit shown here does provide for much greater gain at long period, however, the response is chosen to prewhiten the output, not to match the response of a mechanical system. With modern analog-to-digital converters with many bits of dynamic range and with digital filtering, it is possible to change the apparent response almost arbitrarily, postrecording.
A long-used technique to push circuits toward lower frequency is chopping. The outputs of the seismometer coils are connected through a CMOS switch so that the outputs are alternately connected with different polarities to the first amplifier stage, switched at the chopping frequency of about 125 Hz. The chopping heterodynes low-frequency signals from the coils up to a band around the chopping frequency where the noise level of the first stage amplifier is much lower than the amplifier noise level at the original frequency. The chopped signal is then greatly amplified in the first stage (for this circuit the gain is 317). A synchronous detector stage follows and consists of an amplifier that switches be- tween a gain of 1 and ‫1מ‬ at the chopping frequency, reversing the effect of the initial chopper. A stage of active low-pass filtering removes the switching transients, before the final stage of amplification. The low-frequency 1/f noise in the final stage is now of less consequence than it would be in the first stage because the signal has been amplified by a large factor in the first stage. The last stage has a frequency-dependent gain (approximately an integrator with additional low-pass filtering). Low-pass filters across the seismometer coils approximately match the long period effect of the two poles in the seismometer response, flattening the total response of the system.
The total electronic gain of the system has a large dip near 1 Hz with more gain at high and low frequency (Fig.  4) . When combined with the seismometer response, the total response of the seismometers and amplifiers is flat in acceleration from about 0.016 to 35 Hz (3 dB points). This design for the response tends to prewhiten the typical spectrum from the seafloor minimizing the dynamic range needed while allowing a simple interpretation of the raw data records as simply proportional to acceleration across most of the relevant seismic band. This choice for the response makes the variation of phase with frequency relatively simple (Fig. 4) .
The choice of a response that is flat in acceleration contrasts with the response for broadband instruments used on land (e.g., Guralp, CMG-3, STS-2), which are designed to be flat in velocity across most of the seismic band. Background noise on the seafloor tends to be higher at long period than on land because of deformation under infragravity waves (Webb and Crawford, 1999) and relatively quieter at short period because of less cultural noise. To minimize the dynamic range needed for the system, it is helpful to have relatively more gain at short period on the seafloor than on land. These sensors are often used for active source (airgun) and microearthquake experiments that are characterized by relatively high-frequency arrivals (10-30 Hz), and this choice for the response makes these arrivals stand out above the microseism noise in the raw data records.
We normally run the system on the seafloor using the response described previously, but there is a software-controlled switch that reduces the total gain by 20 dB and a second switch (the bandwidth control) that changes the response so that the output is proportional to velocity rather than acceleration at frequencies above 1 Hz (Fig. 6) . The low gain setting is often used in the laboratory for testing since otherwise cultural noise makes the output clip. We will begin using the lower gain setting at sea as we convert the recording packages from 16-to 24-bit analog to digital converters. The bandwidth line has not yet been used during experiments, but as it reduces the gain at high frequency, it could be used in experiments in which large high-frequency arrivals might be likely to cause the output to clip such as some active source experiments and experiments near trenches where one might expect very large local earthquakes.
The power requirement for the low-noise amplifiers is 35 mW for three channels drawing 2.5 mA from plus and minus supplies at 7 V nominal (or 6 to 16 V). However, we have sometimes put lower current (and higher noise) components in the amplifiers for the two horizontal components, which reduces the total power requirements to 25 mW for the three components. Long-period horizontal-component noise levels on the seafloor tend to be much higher than the vertical noise levels (as much 60 dB at 0.01 Hz; Crawford and Webb, 2000) because of tilt noise, so that the horizontalcomponent amplifiers can be much noisier at long period.
Sensor Results
Spectra from the Pacific seafloor made with broadband instruments are invariably noisy compared with good land sites (Fig. 7) and noisier than the Atlantic (Webb, 1998; Beauduin et al., 1996) . The spectrum of vertical acceleration at the Pacific seafloor is controlled by deformation under the loading of low-frequency ocean waves (infragravity waves) in the band from 0.002 to 0.03 Hz in 5 km of water ( Fig.  7a ) and to 0.05 Hz in 1 km of water (Webb and Crawford, (Webb, 1998 Fig. 7b between 0 .1 and 0.001 Hz correspond to a root mean square (rms) tilt of less than 0.03 lrad, or 1 mm in 30 km (the rms horizontal acceleration noise is approximately the rms tilt angle times g).
Recent experiments have shown that huge improvements in long-period horizontal-component noise levels can be ob-tained by burying the sensors into sediment below the seafloor (Collins et al., 2001) , which makes these noise levels comparable to vertical component noise levels.
If the vertical component is not precisely oriented with the true vertical, a component of the tilt noise will appear on the vertical component. If the angle between the true vertical and the vertical component is , then the vertical component will include a fraction sin of the horizontal motion. The difference in spectral low frequency amplitudes between vertical and horizontal noise levels is typically at (9Њ 39S, 151Њ32E) . The prominent microseism peak is apparent on all three spectra between 0.1 and 5 Hz. Tilt noise raises noise levels for the horizontal components above the vertical-component noise level at periods longer than 10 sec. The verticalcomponent noise level is determined by amplifier noise below 0.05 Hz. Also shown: typical verticalcomponent noise level from the seafloor on a previous generation OBS, the ONR OBS.
least 30 dB and can be 60 dB. To maintain a difference of 45 dB in noise levels requires that sin be less than 0.006 which corresponds to an angle of only 0.3Њ. The leveling system for the OBS is designed to level the sensors to within about 0.3Њ. Instruments on land in vaults or placed below the seafloor don't require this precision in leveling because the tilt noise is relatively much less. Figure 8 shows three-component spectra measured in the lab in La Jolla, California, using the seismic sensor described in this article. Noise levels are controlled by electronic noise below 0.04 Hz and by the microseism peak between 0.1 and 3 Hz. Cultural (man-made) noise controls the higher-frequency spectra, but a good estimate of long-period noise levels can be obtained by using data from the nighttime when cultural noise is lower. These tests were performed to demonstrate long-period noise levels and to search for possible resonances in the gimbal (leveling) system. The spectra show the usual microseism peak above 0.1 Hz (Webb, 1998) as well as local microseisms near 0.4 Hz from the coastline 200 m away. The energy above 2 Hz is all cultural noise. The bump in the spectra between 0.04 and 0.08 Hz is due to waves breaking on the local beach (Haubrich and Mc-Camy, 1969) . Vertical-component noise levels are below 2 ‫ן‬ 10 ‫61מ‬ (m/sec 2 ) 2 /Hz near 0.05 Hz rising to about 3 ‫ן‬ 10 ‫41מ‬ (m/sec 2 ) 2 /Hz at 0.005 Hz. The tests demonstrate amplifier noise levels below 0.04 Hz. The noise level at 0.04 Hz provides an upper bound on the amplifier noise levels at higher frequencies.
Also shown are approximate vertical noise levels from lab tests of a CMG-40T sensor (D. Johnson, personal comm., 2001 ) and a PMD-2023 (L. Dorman, personal comm., 1999 . Dorman's results are similar to spectra provided by the PMD company for this electrochemical sensor originally developed in the former USSR (Levchenko et al., 1994) . The L-4 sensor with the new amplifiers outperforms both of these more expensive sensors that have been proposed as relatively low-cost alternatives for ocean floor seismology. The new amplifiers provide noise levels about 40 dB less than that obtained with L-4 sensors using a more standard amplifier (ONR OBS) (Fig. 9 ).
The gimbal system (Fig. 3) consists of hoops of aluminum, connecting two sets of axles. The leveling is accomplished by two electric motors with reduction gearing that drive two small rubber wheels against large circular plates connected to the gimbal axes. The sensor and electronic core in the gimbals are left slightly unbalanced on the axles so that the drive wheels are always weighted in the same direction avoiding gear lashback. We conducted a series of tests in the laboratory to measure the stiffness of the system and search for mechanical resonances that might effect data fidelity. We measured the transfer function between sensors in gimbals and L-4 vertical-and horizontal-component sensors sitting on metal blocks adjacent to the gimbals. The signal used to measure these transfer function measurements was simply the ambient noise in the lab: a combination of microseisms and cultural noise. We detected no resonances in the vertical component below 22 Hz. The transfer function between the two sensors was 1.0 ‫%01מ/ם‬ with no measurable phase shift below 22 Hz. We had trouble with narrowband electronic noise in the lab at higher frequencies and were unable to measure the transfer function above 25 Hz. We expect to conduct further tests of the gimbals after adding electrical shielding at a later date. Measurements of the transfer function between horizontal components revealed a series of small resonances and antiresonances of the system at 18, 23, and 25 Hz. These resonances will also be a target of future study. These gimbal resonances are above or near to the expected horizontal-component coupling frequencies for sensors sitting on soft ground (sediments or volcanic rubble) and therefore probably not of great importance unless we develop a system to install the sensors below the seafloor and so improve the horizontal component coupling of the sensors to the ground. We also measured the coherence between a horizontal-component sensor in the gimbals and an orthogonal horizontal component sitting on a metal block adjacent to the sensor to search for cross-coupling. The coherence between orthogonal horizontal components was indistinguishable from zero (Ͻ0.15) at the 90% confidence level between 0.1 and 25 Hz. Seafloor Spectra Figure 9 shows typical spectra using the new amplifiers at a seafloor site in Woodlark Basin near New Guinea (2832m depth). Long period (Ͻ0.07 Hz) vertical noise levels are clearly associated with amplifier noise at this site demonstrating that further improvements in signal-to-noise ratio are possible with improvements in noise level for the vertical component. The multipeaked microseism peak near 0.4 Hz rises more than 40 dB from the noise notch at 0.05 Hz. It is not uncommon to see several peaks in the microseism peak in seafloor spectra resulting from multiple sources at a several different ranges (Webb, 1998) . The peak at 3 Hz is probably associated with Scholte-wave modes of the sediments below the instrument or it may be a resonance of the sensor on the seafloor. Such peaks are commonly seen in seafloor data. A similar peak is seen in the OSN data from the sensor buried just below the seafloor demonstrating that such peaks are not necessarily associated with the coupling of the sensor to the seabed (Collins et al., 2001) . We expect the coupling frequency of the sensor on the seabed to be well above 3 Hz.
The high-frequency spectra from Woodlark basin are unusually noisy with many narrow spectral lines associated with the many large ships transiting the area (Fig. 10) . These are associated with the propellers and machinery in the ships (Richardson et al., 1995) . The lines allow us to examine the high-frequency fidelity of the system. Spectra from two OBS sites a few kilometers apart are remarkably similar, while spectra from the same instrument from two different time periods are quite different. These lines were also reproduced in the pressure (hydrophone) record from the instruments.
The large spectral line at 18 Hz may be an alias of 50-Hz generator noise.
Horizontal-component noise levels are above amplifier noise at long period, demonstrating that tilt-noise dominates apparent-noise levels. We saw variations of more than 25 dB over time, presumably reflecting changes in ocean floor currents. There is no reason to use a better horizontalcomponent sensor until methods are developed to install the sensors below the seafloor into the mud. Collins et al., (2001) obtained a horizontal component noise level at the OSN-1 site of Hawaii of about 5 ‫ן‬ 10 ‫61מ‬ (m/sec 2 ) 2 /Hz at 0.01 Hz by burying the sensor at shallow depths below the seafloor.
Conclusions
We have developed low-noise amplifiers that make it possible to obtain good long period (10-200 sec) seismic data from a standard short-period (1 Hz) sensor (Mark Products L-4). The amplifiers have been incorporated into a new ocean-bottom seismometer system capable of long-term deployments for experiments using earthquakes to study the oceanic crust and upper mantle. The large (40 dB) improvements in signal-to-noise ratio from the new amplifiers compared to older OBS systems is expected to improve the detection limit for long-period body-wave arrivals by about 3 magnitudes at most deep seafloor sites where noise is limited by sensor performance. Smaller gains are expected at noisier sites such as on the continental shelves.
During the MELT experiment, useful Rayleigh-wave data were obtained at periods as long as 100 sec from the largest events using an earlier (20 dB noisier) version of this short-period OBS (Forsyth, personal communication, 1999; Forsyth et al., 1998 show data to 50 sec). We are expecting that the useful band of observation of Rayleigh waves from the largest events can be extended to 200-sec period given the improvement in amplifier noise levels over that version. The better amplifiers will not substantially improve detection thresholds for Love waves or for long-period SH body waves because long-period horizontal-component noise levels are dominated by tilt noise unless the sensors are buried into the seafloor.
We will be working toward building amplifiers for land seismic systems (which differ in needs and capabilities from marine systems). There is undoubtedly a need for low-cost, moderately broad seismic systems for use on land as well. Repackaging the amplifier systems for use with standard recording systems may not be straightforward. The amplifier chopping signals must be synchronized with the sampling and the amplifiers must be redesigned to accommodate different sensor responses.
